 Ther. 1991; 71:222-235.1 
Traditionally, physical therapists have evaluated and treated infants at-risk for developmental disabilities based on the theoretical construct of maturalion of the central nervous system (CNS). This belief purports that hierarchical development of the CNS results in inhibition of lower centers of the brain and the emergence of deliberate or voluntary movements. This intrinsic, o r maturational, concept of development is based to a large extent on the writings of McGrawl and Gese112 in which the nervous system was thought to prescribe changes in movement. Motor development was depicted as a sequence of motor milestones occurring at specific ages. This sequence of motor development, which looked invariant, was taken to be reflective of the normal progression of the infant's developing nervous system. In the maturational theory, the biological make-up of the organism, specifically the CNS, was considered to be the effective force in The work was supported in part by a grant from the Foundation for Physical 'Therapy Inc to Dr Heriza. determining the outcome of movement. Similar views on the role of neuromaturation persist today. In the development of walking, for example, Forssbergj argues that digitigrade walking gives way to plantigrade walking as higher centers of the CNS mature.
In addition to the concept of motor milestones depicting the development of the nervous system, the evolution of reflexes and reactions has also been related to the hierarchical development of the CNS.*,5 From this perspective, early primitive reflexes are considered to be cortically inhibited by higher centers of the CNS, permitting postural reactions and voluntary motor control to d e~e l o p .~ Under this concept, reflexes and reactions are considered to be activated by sensory stimuli emanating from the external environment and to be the substrata of normal motor coordination.5J.8 Sensory inputs control motor outputs. The infant, therefore, is considered a passive recipient of environmental stimuli rather than an active participant in the process of development.
With respect to the development of walking, the view that reflexes are the building blocks of later voluntary movement persists. 9 Zelazo and colleagues9 emphasize the conversion of innate reflexive patterns to intentional and voluntary control of these movement patterns as a result of developing cognitive skills.
These theoretical perspectives, be they neuromaturational or cognitive, consider the development of movement to be the result of higher-order control of the nervous system and thus are prescriptive in nature. The conceptioa of development is a gradual increase of cortical influence (ie, voluntary cerebral hemisphere activity that suppresses the subcortical reflexive display). Although cognitive theories incorporate interaction with the environment, emphasis is on the formation of progressive higher plans, instructions, and commands for producing behavior. Cognitive models, like strict neurological accounts of movement, assume that action arises solely from coded instructions. These constructs imply that somewhere in the body exist a set of commands that create and direct movement patterns.
In the last few years, an alternative approach to the development of movement has been proposed, the dynumic~zl systems theo y. The CNS, according to this theory, is not viewed as the sole source of behavior but rather as one subsystem of many that dynamically interact to produce movement with respect to functional tasks. The framework for the dynamical systems theory was inspired by the work of BernsteinlOJ1 and guided by the principles of nonequilibrium phenomena in physics. 12 These concepts have been elaborated on by various authorsl3-17 and more recently expanded to the dynamic pattern theory.lS20 (The reader is referred to these works for more detailed accounts of the general principles underlying the dynamical systems theory and the dynamic pattern theory.) Thelen and ~olleagues~l-~5 have extended these concepts to the development of movement in humans.
The purpose of this article is threefold. First, I will review four assumptions of the dynamical systems perspective that pertain to the development of movement and that are relevant to work that I have done. Second, I will review my research studies with high-and low-risk preterm and full-term infants with respect to these theoretical assumptions. Last, I will offer suggestions on how the dynamical systems perspective may influence the practice of physical therapy in the evaluation and treatment of atypical infants.
Theoretical PerspectivDynamical Systems Theory
The dynamical systems perspective provides a new way of conceptualizing motor development. Rather than viewing developing motor behaviors as the unfolding of predetermined or prescribed patterns in the CNS, this perspective sees motor behavior as emerging from the dynamic cooperation of many subsystems in a taskspecific context. That is, the subsystems self-organize to produce movement and do not depend on the prior existence of instructions embodied in one hierarchically important subsystem (like the CNS). I will present an outline of the principles of the dynamical systems perspective with respect to the development of movement to set the stage for the interpretation of my research with atypical infants. Readers are referred to the works of Thelen and coll e a g~e s~' -~5 for more detailed discussions of this theory and examples of this perspective as it pertains to normal motor development. Four critical assumptions of the dynamical systems perspective for this discussion are as follows: (1) Developing organisms are high-dimensional systems, and movement represents a compression of the multiple degrees of freedom; (2) movement emerges in a selforganizing fashion as a function of the cooperation of the many subsystems in a task-specific context; (3) movement patterns are preferred, but not obligatory, and occupy preferred regions of their state space; and (4) new behavioral forms emerge in development as a series of phase shifts. Each of these key assumptions will be reviewed. A dynamical system is any system that changes over time. A highdimensional system is one that is composed of many degrees of freedom, that is, many elements. With respect to the human, the degrees of freedom, or the independent elements of the body, could be the muscles, bones, joints, neurons, and motor units. In this sense, the term "degrees of freedom" does not refer to spatial degrees of freedom such as flexion, extension, rotation, adduction, and abduction.
BernsteinL0." suggested that the many degrees of freedom inherent in the multiple muscles and joints of the body could be organized into larger functional groups o r synergies constraining the muscles to act as a unit. In this example, the parameter that shifts the horse from walking to trotting is considered an increase in speed, and thus muscle power. Another example is infant kicking. When the infant is in a sleepy or drowsy state, little kicking is noted. As the infant becomes more aroused, the spatial and temporal pattern of kick-ing is observed. In the crying state, a new pattern emerges, a rigid coactivation of all the muscles into stiff immobility. Thus, behavioral state is considered the parameter that drives the system from little kicking to reciprocal kicking to coactivation of the mus~les.35~3' In dynamical terms, a parameter that shifts the movement from one form to another is called a control parameter. The word "control" does not mean a prescription for movement change, but rather a reorganization of the movement.21 Control parameters may reside in the infant (eg, behavioral state), the environment (eg, gravity), the social environment (eg, the caretaker), o r the goal or task.21 During transitions, the preferred coordinative pattern becomes less stable and more easily perturbed by control parameters.
A dynamical systems view of development no longer allows us to give the CNS the preeminent role of change in behavior. There is no single cause or predetermined model, be it genetic, neurological, cognitive, or environmental, for behavioral change. No longer can we consider the infant and young child as passive recipients of information from the environment. We should view them as active participants in which movement selfassembles from the many subsystems within the environmental context. Instead of reflexes and reactions demonstrating hierarchical organization and comprising the substrata of movement, we need to consider the concept of fi~nctional units of behavior (ie, coordinative patterns) that are heterarchically organized and dynamically interact with other subsystems to detennine motor outcome.
Although there is ample documentation of the sequence of motor development, both normal and abnormal, we do not yet understand how movement originates during development or how we can promote optimal movement for infants and young children who are at risk for movement dysfunction. Fundamental questions addressed by therapists who care for atypical or handicapped infants and children are as follows: (1) Is the movement of atypical or handicapped infants different from that of "normal" (typical or nonhandicapped) infants? (2) Is the development of movement of atypical or handicapped infants different from that of normal infants? and (3) What intervention o r treatments can be used in the remediation of motor dysfunction for atypical infants? The dynamical systems theory may be useful as a theoretical model for providing new insights into the evaluation and treatment of atypical and handicapped infants. First, however, we need to determine whether the theory can be transferred or generalized to the understanding of movement and the development of movement of atypical infants.
In discussing these issues, I will use the results of my research that address the dynarnical systems perspective. The principles of dynamical systems were used to study intralimb kicking behavior in low-and high-risk preterm and full-term infants. Specifically, these studies asked the following questions: (1) Are movements organized in the preterm infant? (2) Do early forms of movement change with development? (3) What control parameters affect the outcome of movement at the different ages? (4) Are there differences in movement patterns between low-risk preterm infants and normal full-term infants? and (5) Are there differences in leg movements in low-risk versus highrisk preterm infants?
Methods Used In Current Studles
movement, and joint angles at the onset of flexion and at peak flexion.
Subjects
Forty-nine infants participated in these studies. Fifteen were full-term infants delivered at 39 to 41 weeks' gestational age (GA) who met the following criteria: (1) singleton birth; (2) vaginal vertex delivery; (3) appropriate for gestational age (AGA) with respect to head circumference, weight, and length; and (4) healthy as determined by a pediatric physical examination. Inclusion criteria for 10 lowrisk preterm infants born at 34 to 36 weeks' GA were (1) singleton birth, (2) vertex presentation at birth, (3) AGA, (4) Apgar score of at least 4 at 1 minute and 7 at 5 minutes after birth, and (5) absence of any physical malformation. Full-term and low-risk preterm infants exhibiting severe respiratory distress, pneumothorax, apnea, cardiac failure, convulsions, intraventricular hemorrhage (IVH), hydrocephalus, perinatal asphyxia, chronic lung disease, or drug withdrawal were excluded from the study. Inclusion criteria for 24 high-risk preterm infants born at 34 weeks' GA or less were (1) singleton birth, (2) vertex presentation at birth, (3) AGA, and (4) IVH. High-risk preterm infants who exhibited drug withdrawal were excluded from the study. There were 5 infants with a grade I IVH, 8 with a grade I1 IVH, 5 with a grade I11 IVH, and 6 with a grade N IVH. One infant with a grade N IVH also exhibited hip dysplasia.
Instrumentation Design
The research design of these studies was a longitudinal mixed design that addressed the description of infant leg movement, intralimb kicking, using kinematic analysis. The independent variables, identified as possible control parameters, were risk factors, age, environment, behavioral state, passive muscle tone, joint extensibility, and body-build measurements. The dependent variables were the kinematic variables of amplitude, peak velocity, duration and frequency of Videography was used in these studies. A color video camera was positioned perpendicular to the top of the examining table to produce a lateral view of the infant's leg. The infant's leg movements were recorded on 1.27-cm (0.5-in) videotape, using a VHS portable video recording system. Tapes of the infants were transferred to 1.9-cm (0.75-in) videotapes, using a videocassette recorder with a recording speed of 60 frames/s. A video counter-timer (60 framesls) was superimposed on the videotape.
Hand digitization of a selected movement sequence was conducted using a two-dimensional sonic digitizer. This process involved projecting the video image onto the video screen; placing the mounted sonic digitizer in front of the video screen; and touching the grid with a stylus, resulting in the XY coordinates being automatically transferred to a computer. The system is limited to the speed and accuracy of the human operator. My experience indicates that an experienced operator can convert an average of four coordinate XY pairs of 10 seconds of movement filmed at a speed of 60 frames/s in 2 hours.
Procedure
Full-term and low-risk preterm infants were initially videotaped for 3 minutes on the third day after birth. Lowrisk preterm infants were filmed again at 40 weeks' postgestational age (PGA) and at 4, 8, and 12 months' corrected age (PGA=GA+chronological age). High-risk infants were initially videotaped as soon as possible after birth after becoming medically stable. These infants were filmed again at 34 to 36 weeks' and 40 weeks' PGA and at 4, 8, and 12 months' corrected age. These ages were selected as possible time periods when transitions or phase shifts from one stable state to another may occur.
Infants were initially filmed in the neonatal intensive care unit (NICU) o r the full-term nursery. Preterm infants were later filmed in the NICU or special infant care unit. Data collection after discharge was conducted in the physical therapy research laboratory, in the follow-up nursery clinic setting, or in the children's homes. To ensure awake infants, videotaping was conducted before feedings, when possible.
With three exceptions, the right lower extremity was marked at the lateral border of the base of the fifth metatarsal head, the lateral malleolus, the lateral femoral condyle, and the lateral thigh at the hip area with a 0.64-cm (0.25-in) circle of dark blue tape affixed to a 1.27-cm (0.5-in) cir- cle of white tape (Fig. 1) . The left leg of three infants was filmed because of the presence of an intravenous line in their right leg at the time of filming. The infant's diaper was removed for marking and filming.
After the infants were prepared for videotaping, they were allowed to kick spontaneously in the supine position for 3 minutes. No specific stimuli were presented to the infant to elicit kicking. The infant's head was supported in the midline position by the examiner's (CBH) hand. The other hand was placed on the infant's abdomen to maintain the trunk in the midline position. During the recording session, the infant's arousal state was recorded every 15 seconds on a sixpoint scale (ie, I =asleep, 6 =crying)38 o r on appropriate subdivisions of this scale for preterm infants.39 After filming, passive muscle tone, joint extensibility, and body-build measurements were taken. Passive muscle tone was measured by the amount of (1) resistance to passive stretch of the leg flexors to extension and (2) recoil of the legs. Joint extensibility was measured by the angles of the hip, knee, and ankle. Each joint angle was scored on an ordinal scale. Body-build measurements were taken of weight, crown-rump and crownheel length, and circumferences of the calf and thigh at their widest points. From these measurements, the ponderal index of Rohrefi3 and leg volume44 were calculated. The pondera1 index is a measure of relative stockiness and was calculated by dividing the infant's body weight (in grams) by the crown-heel length cubed and multiplied by 100. Leg volume was estimated by assuming the leg was a cylinder, with the height determined by crown-heel length minus crown-rump length and circumference estimated by averaging the thigh and calf measurements. The rates of growth with respect to weight, ponderal index, and leg volume were determined by dividing the difference between two ages by the measurement at the younger age.
Data Reduction
Behavioral records were analyzed in two ways. First, the 3-minute records were analyzed with respect to the frequency of kicking. A kick was defined as hip and knee flexion that brought the knee closer to the chest.
For a new kick to b e counted, the knee must have reached a minimum of 90 degrees of extension before returning to a flexed position. The videotape was reviewed without sound so that the coder was not influenced by the arousal level of the infant.
Second
The 10-second segment was then coded frame by frame (1 frame= 16% milliseconds), on a video recorder with a recording speed of 60 frames/s. Six hundred frames of movement were coded. Coders were trained t o reliability (ie, intraclass correlation coefficient [2,1] 2 30) prior to digitizing. The sonic digitizer was used to determine the XY spatial coordinate:; of the marked hip, knee, ankle, and fifth toe. Joint angles of the hip, knet:, and ankle were calculated from the coordinate data (Fig. 1) . Because these joint angles reflect the relationships among body segments, they are not analogous to clinical goniometric measurements. In this study, 180 degrees was regarded as full extension at each joint (eg, full plantar flexion of the ankle). These joint angles were used as reference points t o generate kinematic data of amplitude, velocity, and duration of movement.
I believe that measurement error, introduced into the system as a result of infant variability and the measurement an13 conversion process, was minimized by (1) selection of the 10-second segment, (2) adhering to sound videographic procedures, (3) adequate training of personnel during the measurement and conversion process, and (4) subjecting the raw angle data to Fourier analysis and filtering the data using Butterworth-type lowpass digital filters4' Fourier analysis was used to quantify the frequency domains of both the signal (XY coordinate data of kicking) and the noise (error measurement) to identify the frequency cutoff to be used to separate the signal from the noise. This cutoff frequency was used to develop Butterworth-type low-pass digital filters.48 These low-pass filters selectively filter out the high-frequency noise end of the frequency spectrum while passing over the low-frequency components of the signal (kicking). The resultant computer readout indicated the frame number; the raw and filtered angles of the hip, knee, and ankle; the instantaneous velocity of the movement of the three joints; and the sequential time of the 10-second movement segment.
Graphic displays of the kinematic data were generated. Graphs included time-dependent representations in which the patterns of joint displacement were plotted as a function of time (Fig. 2, top panel) and timeindependent representations (ie, amplitude-velocity phase plane trajectories of the knee [Fig. 2 , bottom panel], and hip and ankle). These graphs resulted in visually permanent records of the movement that were used for evaluation purposes, compared with other movement sequences of the same infant and compared with movement patterns of other infants. These plots provided useful interpretative data about the movement path of a body segment with respect to time as well as the movement path's velocity, direction, and magnit~de.~9
The smoothed data were analyzed according to predetermined ~riteria.5~ The kick cycle was characterized by four phases. The flexion phase of the kick cycle lasted from the frame at which continuous leg movement (for at least five frames) in a horizontal plane toward the body was first noticed until the frame at which movement stopped o r changed direction. The intrakick pause was the time interval between the cessation of the flexion phase and the initiation of the extension phase. In the extension phase, the infant's foot moved continuously away from the body until horizontal movement ceased. The interkick pause was the time interval between the end of extension and the initiation of the next flexion phase.
The duration of each phase of the kick cycle was calculated. In addition, the phase lags, or time between the onset or termination of the movement of one joint and that of another joint, were calculated and normalized by the kick period, defined as the average duration of completed kick cycles. The peak velocities of both the flexion and extension movements were recorded. The joint angles at the onset and end of the flexion and extension movements were recorded, and the amplitude excursion was calculated.
Summary and Discussion of Results of Current Research
The following summary and discussion represent data obtained for infants at 34 weeks' GA and at 40 weeks' GA or PGA and for one highrisk preterm infant through 12 months' corrected age. Details of the data for full-term and low-risk preterm infants are published else~here.~9130 Preliminary data on highrisk infants have been presented at meetir1gs~6.5~ and are currently being readied for submission for publication. The summary of the results will be presented according to the principles of the dynamical systems theory discussed previously.
Assumption I . Developing otganisms are high-dimensional .systems, and movement represents a compression of the multiple degrees of freedom.
Are the movement patterns of intralimb kicking of atypical infants different from those of normal infants? Are the collective variables for these movements the same o r different? Intralimb kicking in all infants was similar, regardless of age, environment, or risk fa~tors.29,3~,46 The multi- other, (2) the phase lags between joints during kicking, and (3) the timing of the movement phases. The relationships among the joints (three pairs for each infant: hip and knee, hip and ankle, and knee and ankle) were strong.
In all infants, the hip-knee relationship was especially strong: When the hip flexed, the knee flexed, and when the hip extended, the knee extended. Thus, the movement of the joints of one leg are constrained to act as a unit of movement. A system comprising many degrees of freedom is reduced to only a few. The close synchrony of movements denoted by the high interjoint correlations was confirmed by small phase lags between the movements of the hip, knee, and ankle joints, demonstrating that the joints moved in near-perfect unison.29330 Another component of movement that reflects temporal stability of time is the timing of the flexion and extension phases of the kick cycle. In all infants, the timing of the movement phases were similar, with the extension phase being longer than the flexion phase. In addition, there was a trend for the younger or sicker infants to have longer flexion and extension phases. Thus, for intralimb kicking, the collective variables that described the movement pattern of intralimb kicking were strength of the joint correlations, phase lags between joints, and the movement time of flexion and extension.
All infants, regardless of age, environment, or risk factors, demonstrated a coordinative pattern of kicking, indexed by collective variables that compressed the multiple degrees of freedom to a few, representing kicking. Thus, when grouped, the kicking behaviors of preterm infants (low-and high-risk) are similar to the kicking behaviors of normal infants and can be described by the same collective variables: joint correlations, phase lags, and timing of the movement phases.
Although the high-risk preterm infants, as a group, demonstrated organized movement at 40 weeks' PGA, some infants showed individual profiles in which kicking appeared disorganized (Fig. 3) . The time-dependent diagrams (Fig. 3, top panel) show that the ankle is out of phase with the knee and hip in infant A, a preterm infant with a grade IV NH, and that the knee is out of phase with the hip and ankle in infant B, a preterm infant with a grade IV NH and hip dysplasia.
Although the timing of the movement phases of flexion and extension were similar to that of other infants, the correlations between the joints were weak and the phase lags were long. This was especially true for the hipankle and knee-ankle relationships for infant A and for the hip-knee and knee-ankle relationships for infant B. Therefore, two order parameters that described the coordinative pattern of early intralimb kicking movements and that differentiated between organized and disorganized movement patterns (ie, joint correlations and phase lags between joints) could be used as evaluative tools for kicking.
Assumption 2. Movement emepes in a self-olganizing fashion as a function of the cooperation of the many subsystems in a task-speczfc context.
Although the pattern of kicking was stable among low-risk preterm and full-term infants, differences were found in the amplitude and velocity of movement, the pauses during the kick cycle, and the joint angles at the initiation of flexion and at peak flexWith age, low-risk preterm infants showed decreased movement amplitude and peak velocity (Figs. 2A,  2B ). 37 Older preterm infants also demonstrated a trend to kick more in 3 minutes than younger preterm infants, reflective of shorter pauses.
At 40 weeks' PGA, all low-risk preterm infants were more extended at all joints, especially the ankle, in comparison with full-term infants ( Figs. 2A,  2B ; top panel).3O These same infants also paused more during kicking in 3 minutes in comparison with full-term infants, resulting in longer kick periods and a trend toward less frequent kicking.
If the movement pattern is the same, what explains these differences? According to the dynamical systems theory, movement outcome is not determined by a pattern of strict muscle activity alone but by the pattern of neuromuscular activity and by mechanical and dynamic considerations such as measures of body build, passive viscoelastic properties of muscles, and muscle strength. Movement outcome is considered the result of the cooperative interaction of all the participating subsystems in developmental and real time and is not coded a priori anywhere in the nervous system. Because there are no preexisting instructions for defining intralimb kicking, the order of the kicking pattern is the result of the selforganization of the participating subsystems. Kicking spontaneously arose from the interaction of the components.
Stepwise regression analysis of arousal level, passive muscle tone, joint extensibility, and measurements of body build on the kinematic variables of duration, amplitude, and velocity did explain differences in movement seen in infants between 34 to 36 weeks' GA and 40 weeks' PGA and between low-risk preterm infants at termequivalent age and full-term infants (CB Heriza, E Thelen; unpublished research) . 45, 52353 Arousal level influenced the frequency of kicking and the joint angles at peak flexion (CB Heriza, E Thelen; unpublished research)." Infants who were highly aroused demonstrated short pauses, resulting in short kick cycles and an increase in the frequency of kicking. These same infants showed small joint angles at peak flexion.
Body build also affected movement outcome (CB Heriza, E Thelen; unpublished re~earch).~5,5~ Infants who became stocky and heavy rapidly or who developed chubby legs kicked less. These infants also demonstrated small-amplitude excursions associated with small peak velocities and large angles at the beginning of flexion and at peak flexion. These Physical Therar ~y /Volume 71, Number 3 / March 1991 Knee Velocity (olsec) Knee Velocity (olsec) E Thelen; unpublished research) .45. 53 Infants who had increased muscle tension demonstrated short pauses and small joint angles at the beginning of kick flexion.
Possible interpretations of the differences in kicking outcome are as follows: (1) Increased arousal level, which presumably is reflected in more energy delivered to the muscles and more motor output, including kicks, contributed to small joint angles at peak flexion and short pauses in the kick cycle, resulting in increased frequency of kicking; (2) with age, the larger masses of the limbs in a gravity-controlled environment contributed to decreased movement amplitude and velocity and inhibited the extreme flexion of the youngest preterm infants; and (3) the long confinement in the intrauterine space for full-term infants may bias muscle and joints toward flexion, contributing to the flexor dominance of the full-term infants. Movement change with age in low-risk preterm infants and differences in kicking between low-risk preterm infants at 40 weeks' PGA and full-term infants, therefore, may be largely nonneural and not caused by maturational changes in the CNS.
The differences in kicking reflect the assumption of the dynamical systems perspective that the outcome of the movement is the result of the dynamical interaction of the subsystems in real and developmental time within a context, including the physical constraints and supports of the environment. At 34 to 36 weeks' GA, 3 days postintrauterine environment, the various subsystems dynamically organize in real time to produce infant kicking; at 40 weeks' PGA, these same subsystems, which have matured and experienced 6 weeks of extrauterine environment, self-organize to produce kicking; and at term 40 weeks' GA, these same subsystems, which have experienced the intrauterine environment for an additional 6 weeks, selforganize for kicking. Thus, although the pattern of coordination of intralimb kicking of preterm infants at different ages and of full-term infants is similar, the context varied between time spent in the intrauterine or extrauterine environment and the components of the system (ie, body build, arousal level, passive muscle tone, and joint extensibility) varied with age. These variations may explain differences seen among the infants. Are the movement patterns of intralimb kicking of atypical infants different from those of normal infants? Are these movement patterns preferred, and do they occupy preferred regions of their state space? The intralimb coordinated behavior of kicking can be described in terms of phase-plane trajectories of the movement by plotting kicking as a function of the position and velocity of a joint. The bottom panel of Figure 2 shows the phase-plane trajectories of the knee of the representative infants at different GAs and PGAs.
Visual analysis indicates that the movement trajectories of the knees of all infants are confined to a particular region of the plot and show a particular ordered pattern, having the form of simple closed curves with oscillations or loops at the beginning and end of the movement phases. The amplitudes and peak velocities of the kicking movements for each infant are similar, with the exception of the high-risk infant's movements, which show variability of amplitude and peak velocity for the four kicks. There are no self-intersections (ie, no selfcrossings or reversals of movement at zero velocity) during the flexion and extension movements. In other words, intralimb kicking can be said to occupy preferred, but not obligatory, regions of the state space. All infants, regardless of age, amount of time spent in the extrauterine environment, or the risk factor, demonstrated a preferred configuration of movement within the state space. Such preferred, repetitive cyclic behavior of kicking can be considered a stable attractor ~tate.5~
Although the 40-week PGA high-risk preterm infants, as a group, demonstrated preferred behavioral patterns that acted as stable attractors, some infants showed individual profiles. Phase-plane diagrams of two of these infants (Fig. 3, bottom 
Summary
These daLa suggest that the dynamical systems perspective to understanding movement can be applied to atypical populations. The patterns of coordination seen in intralimb kicking demonstrated that a high-dimensional system with many degrees of freedom can be reduced to a unit of behavior with few degrees of freedom. Collective variables that indexed the system were joint correlations, phase lags, and the timing of the movement phases of kicking. These parameters did differentiate among normal and atypical infants. All components of the system (ie, musculoskeletal component, neurological component, arousal level, body build, passive elastic prope:rties of muscles, and muscle strength) self-organized to produce preferred movement patterns in real and devc:lopmental time. These preferred movement patterns were assembled within the constraints of the immediate environment. These preferred movement patterns occupied preferred regions of the state space and thus can be considered stable dynamic attractors.
For intralimb kicking, movement dysfunction may have resulted because (1) the muscles and joints of one leg may not have been organized as a preferred movement pattern because additional variables interfered with the natural timing of the movement or (2) one or more control parameters may have rate-limited or masked another component in real or developmental time such that, in at least one infant, transitions to more mature movement patterns were prevented. Although the components of the system dynamically self-organized, the movement pattern may have been too restricted in some infants and too random and disorganized in others.
Clinical Implications
The implications of the dynamical systems theory for the atypical or handicapped infant and child are just now being explored. The understanding of how this theory influences the evaluation and treatment of these infants is in its infancy. The theoretical constructs of the dynamical systems theory with respect to the development of movement, however, reflect the necessity to review and perhaps reinterpret traditional concepts of motor development.
Motor development is not prescriptive or hierarchical, and changes in movement with age cannot be attributed solely to maturation of the CNS. Rather, movement is emergent from the dynamic interaction of all subsystems within a task-specific context. In this view, the CNS is seen as a necessary, but not sufficient, component to explain movement changes. Other important subsystems are the infant's biomechanical, psychological, and social environments.
If function rather than instruction drives behavior, the infant and young child should be considered as active participants in development rather than passive recipients of environmental stimuli. Although reflexes and automatic reactions have been traditional evaluation tools, and indeed the movement pattern is probably the same as that seen in spontaneous mo~ernent,~5 the concept of stimulusresponse reflects the passive nature of such an approach. Instead of causing the response, the stimulus facilitates the production of motor patterns that also occur as spontaneous movement. 55 The task or goal within the environment, with its constraints and supports, assembles behavior as opposed to being prescribed a priori by the CNS. This does not mean that we discard the concept of reflexes and reactions, but it does mean that we expand our concepts of movement development such that we consider other factors that influence movement in addition to external stimuli. A new synthesis of motor development should build on what we know; we should not discard our database, but incorporate it and go bey0nd.56.5~
We must address the process of movement changes versus the end product of mo~ement.~1<56 Motor milestones are important because they provide a measure of how the infant and young child are developing with respect to normative data and they provide information on function. Motor milestones, however, d o not tell us how movement changes. We need to develop evaluation tools to investigate the process of movement change. The identification of collective variables may provide alternative ways to assess movement changes that occur in development or as the result of therapeutic intervention. Additionally, we need to utilize different research strategies to identify these changes. Traditional group designs often miss individual differences and tell us nothing of the process of change. Longitudinal studies as well as case studies may address these issues.21,56
We may not be able to identify all infants at-risk for movement dysfunction early, because early movement, with respect to intralimb kicking, showed invariant patterns across ages, risk factors, and environments. Some infants may not be identified until phase transitions when infants are expected to disassociate and reorganize basic coordinative patterns to form functional movement synergies within the environment. We need to identify the key transitional phases and the key control parameters that constrain or facilitate movement. 
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